We evaluate the relic density of the lightest neutralino, the lightest supersymmetric particle, in the Minimal Supersymmetric extension of the Standard Model (MSSM). For the first time, we include all coannihilation processes between neutralinos and charginos for any neutralino mass and composition. We use the most sophisticated routines for integrating the cross sections and the Boltzmann equation. We properly treat (sub)threshold and resonant annihilations. We also include one-loop corrections to neutralino masses. We find that coannihilation processes are important not only for light higgsino-like neutralinos, as pointed out before, but also for heavy higgsinos and for mixed and gaugino-like neutralinos. Indeed, coannihilations should be included whenever |µ| ∼ < 2|M1|, independently of the neutralino composition. When |µ| ∼ |M1|, coannihilations can increase or decrease the relic density in and out of the cosmologically interesting region. We find that there is still a window of light higgsino-like neutralinos that are viable dark matter candidates and that coannihilations shift the cosmological upper bound on the neutralino mass from 3 to 7 TeV.
Introduction
In the near future, it may become possible to constrain supersymmetry from high precision measurements of the cosmological parameters [1, 2] , among which the dark matter density. It is therefore of great importance to calculate the relic density of the lightest neutralino as accurately as possible.
The lightest neutralino is one of the most promising candidates for the dark matter in the Universe. It is believed to be the lightest stable supersymmetric particle in the Minimal Supersymmetric extension of the Standard Model (MSSM). It is a linear combination of the superpartners of the neutral gauge and Higgs bosons.
The relic density of neutralinos in the MSSM has been calculated by several authors during the years [3, 4, 5, 6, 7, 8, 9] with various degrees of precision. A complete and precise calculation including relativistic Boltzmann averaging, subthreshold and resonant annihilations, and coannihilation processes is the purpose of this paper.
As pointed out by Griest and Seckel [5] one has to include coannihilations between the lightest neutralino and other supersymmetric particles heavier than the neutralino if they are close in mass. They considered coannihilations between the lightest neutralino and the squarks, which occur only accidentally when the squarks are only slightly heavier than the lightest neutralino. In contrast, Mizuta and Yamaguchi [7] pointed out an unavoidable mass degeneracy that greatly affects the neutralino relic density: the degeneracy between the lightest and nextto-lightest neutralinos and the lightest chargino when the neutralino is higgsino-like. They considered coannihilations between the lightest neutralino and the lightest chargino, but only for neutralinos lighter then the W boson and only with an approximate relic density calculation. Moreover, they did not consider Higgs bosons in the final states.
Drees and Nojiri [8] included coannihilations into their relic density calculation, but only between the lightest and next-to-lightest neutralinos. These coannihilations are not as important as those studied by Mizuta and Yamaguchi. Recently, Drees et al. [9] re-investigated the relic density of light higgsino-like neutralinos. They included coannihilations between the lightest and next-to-lightest neutralinos as well as those between the lightest neutralino and the lightest chargino. They do however only consider ff , ff ′ and γW + final states through Z and W exchange respectively, and do not consider t-and u-channel annihilation or Higgs bosons in the final states.
In this paper we perform a full calculation of the neutralino relic density for any neutralino mass and composition, including for the first time all coannihilations between neutralinos and charginos. We properly compute the thermal average, particularly in presence of thresholds and resonances in the annihilation cross sections. We include all two-body final states of neutralino-neutralino, neutralino-chargino and chargino-chargino annihilations. We leave coannihilations with squarks [5] for future work, since they only occur accidentally when the squarks happen to be close in mass to the lightest neutralino as opposed to the unavoidable mass degeneracy of the lightest two neutralinos and the lightest chargino for higgsino-like neutralinos.
In section 2, we define the MSSM model we use and in section 3 we describe how we generalize the Gondolo and Gelmini [10] formulas to solve the Boltzmann equation and perform the thermal averages when coannihilations are included. This is done in a very convenient way by introducing an effective invariant annihilation rate W eff . In section 4 we describe how we calculate all annihilation cross sections, and in section 5 we outline the numerical methods we use. We then discuss our survey of supersymmetric models in section 6, together with the experimental constraints we apply. We finally present our results on the neutralino relic density in section 7 and give some concluding remarks in section 8.
Definition of the Supersymmetric model
We work in the framework of the minimal supersymmetric extension of the standard model defined by, besides the particle content and gauge couplings required by supersymmetry, the superpotential (the notation used is similar to Ref. [11] (1) and the soft supersymmetry-breaking potential
Here i and j are SU (2) indices (ǫ 12 = +1). The Yukawa couplings Y, the soft trilinear couplings A and the soft sfermion masses M are 3 × 3 matrices in generation space.ê,l,û,d andq are the superfields of the leptons and sleptons and of the quarks and squarks. A tilde indicates their respective scalar components. The L and R subscripts on the sfermion fields refer to the chirality of their fermionic superpartners.B,W 3 andW ± are the fermionic superpartners of the SU(2) gauge fields andg is the gluino field. µ is the higgsino mass parameter, M 1 , M 2 and M 3 are the gaugino mass parameters, B is a soft bilinear coupling, and m where δ 33 and δ 44 are the most important one-loop corrections. These can change the neutralino masses by a few GeV up or down and are only important when there is a severe mass degeneracy of the lightest neutralinos and/or charginos. The expressions for δ 33 and δ 44 are [9, 14] 
where m b and m t are the masses of the b and t quarks, Y b = gm b / √ 2m W cos β and Y t = gm t / √ 2m W sin β are the Yukawa couplings of the b and t quark, θb and θt are the mixing angles of the squark mass eigenstates (q 1 =q L cos θq +q R sin θq) and B 0 is the two-point function for which we use the convention in Ref. [9, 14] . Expressions for B 0 can be found in e.g. Ref. [15] . For the momentum scale Q we use |µ| as suggested in Ref. [9] . Note that the loop corrections depend on the mixing angles of the squarks which in turn depend on the soft supersymmetry breaking parameters A U and A D in Eq. (2) (or the parameters A b and A t given below).
The neutralino mass matrix, Eq. (8), can be diagonalized analytically to give four neutral Majorana states,
the lightest of which, to be called χ, is then the candidate for the particle making up the dark matter in the Universe. The gaugino fraction, Z i g of neutralino i is then defined as
We will call the neutralino higgsino-like if Z g < 0.01, mixed if 0.01 ≤ Z g ≤ 0.99 and gauginolike if Z g > 0.99, where
g is the gaugino fraction of the lightest neutralino. Note that the boundaries for what we call gaugino-like and higgsino-like are somewhat arbitrary and may differ from other authors.
The charginos are linear combinations of the charged gauge bosonsW ± and of the charged higgsinosH 
Their mass matrix,
is diagonalized by the following linear combinations
We choose det(U ) = 1 and
) with non-negative chargino masses mχ± i ≥ 0. We do not include any one-loop corrections to the chargino masses since they are negligible compared to the corrections δ 33 and δ 44 introduced above for the neutralino masses [9] .
When discussing the squark mass matrix including mixing, it is convenient to choose a basis where the squarks are rotated in the same way as the corresponding quarks in the standard model. We follow the conventions of the particle data group [16] and put the mixing in the left-handed d-quark fields, so that the definition of the Cabibbo-Kobayashi-Maskawa matrix is
where T 3f is the third component of the weak isospin and e f is the charge in units of the absolute value of the electron charge, e. In the chosen basis, we have
The slepton and squark mass eigenstatesf k (ν k with k = 1, 2, 3 andẽ k ,ũ k andd k with k = 1, . . . , 6) diagonalize the previous mass matrices and are related to the current sfermion eigenstatesf La andf Ra (a = 1, 2, 3) viã
The squark and charged slepton mixing matrices Γ UL,R , Γ DL,R and Γ EL,R have dimension 6 × 3, while the sneutrino mixing matrix Γ νL has dimension 3 × 3.
For simplicity we make a simple Ansatz for the up-to-now arbitrary soft supersymmetrybreaking parameters:
This allows the squark mass matrices to be diagonalized analytically. For example, for the top squark one has, in terms of the top squark mixing angle θt,
Notice that the Ansatz (25) implies the absence of tree-level flavor changing neutral currents in all sectors of the model.
The Boltzmann equation and thermal averaging
Griest and Seckel [5] have worked out the Boltzmann equation when coannihilations are included. We start by reviewing their expressions and then continue by rewriting them into a more convenient form that resembles the familiar case without coannihilations. This allows us to use similar expressions for calculating thermal averages and solving the Boltzmann equation whether coannihilations are included or not.
Review of the Boltzmann equation with coannihilations
Consider annihilation of N supersymmetric particles χ i (i = 1, . . . , N ) with masses m i and internal degrees of freedom (statistical weights) g i . Also assume that m 1 ≤ m 2 ≤ · · · ≤ m N −1 ≤ m N and that R-parity is conserved. Note that for the mass of the lightest neutralino we will use the notation m χ and m 1 interchangeably.
The evolution of the number density n i of particle i is
The first term on the right-hand side is the dilution due to the expansion of the Universe. H is the Hubble parameter. The second term describes χ i χ j annihilations, whose total annihilation cross section is
The third term describes χ i → χ j conversions by scattering off the cosmic thermal background,
being the inclusive scattering cross section. The last term accounts for χ i decays, with inclusive decay rates
In the previous expressions, X and Y are (sets of) standard model particles involved in the interactions, v ij is the 'relative velocity' defined by
with p i and E i being the four-momentum and energy of particle i, and finally n eq i is the equilibrium number density of particle χ i ,
where p i is the three-momentum of particle i, and f i is its equilibrium distribution function.
In the Maxwell-Boltzmann approximation it is given by
The thermal average σ ij v ij is defined with equilibrium distributions and is given by
Normally, the decay rate of supersymmetric particles χ i other than the lightest which is stable is much faster than the age of the universe. Since we have assumed R-parity conservation, all of these particles decay into the lightest one. So its final abundance is simply described by the sum of the density of all supersymmetric particles,
For n we get the following evolution equation
where the terms on the second and third lines in Eq. (27) cancel in the sum.
The scattering rate of supersymmetric particles off particles in the thermal background is much faster than their annihilation rate, because the scattering cross sections σ ′ Xij are of the same order of magnitude as the annihilation cross sections σ ij but the background particle density n X is much larger than each of the supersymmetric particle densities n i when the former are relativistic and the latter are non-relativistic, and so suppressed by a Boltzmann factor. In this case, the χ i distributions remain in thermal equilibrium, and in particular their ratios are equal to the equilibrium values,
We then get
where
Thermal averaging
So far the reviewing. Now let's continue by reformulating the thermal averages into more convenient expressions.
We rewrite Eq. (39) as
For the denominator we obtain, using Boltzmann statistics for f i ,
where K 2 is the modified Bessel function of the second kind of order 2.
The numerator is the total annihilation rate per unit volume at temperature T ,
It is convenient to cast it in a covariant form,
W ij is the (unpolarized) annihilation rate per unit volume corresponding to the covariant normalization of 2E colliding particles per unit volume. W ij is a dimensionless Lorentz invariant, related to the (unpolarized) cross section through ‡
Here
is the momentum of particle χ i (or χ j ) in the center-of-mass frame of the pair χ i χ j .
Averaging over initial and summing over final internal states, the contribution to W ij of a general n-body final state is
where S f is a symmetry factor accounting for identical final state particles (if there are K sets of
In particular, the contribution of a two-body final state can be written as
where p kl is the final center-of-mass momentum, S kl is a symmetry factor equal to 2 for identical final particles and to 1 otherwise, and the integration is over the outgoing directions of one of the final particles. As usual, an average over initial internal degrees of freedom is performed.
We now reduce the integral in the covariant expression for A, Eq. (43), from 6 dimensions to 1. Using Boltzmann statistics for f i (a good approximation for T ∼ < m)
where p i and p j are the three-momenta and E i and E j are the energies of the colliding particles. Following the procedure in Ref. [10] we then rewrite the momentum volume element as
where θ is the angle between p i and p j . Then we change integration variables from E i , E j , θ to E + , E − and s, given by
whence the volume element becomes
and the integration region
Notice now that the product of the equilibrium distribution functions depends only on E + and not E − due to the Maxwell-Boltzmann approximation, and that the invariant rate W ij depends only on s due to the neglect of final state statistical factors. Hence we can immediately integrate over E − ,
The volume element is now
We now perform the E + integration. We obtain
where K 1 is the modified Bessel function of the second kind of order 1.
We can take the sum inside the integral and define an effective annihilation rate W eff through
with
In other words
Because W ij (s) = 0 for s ≤ (m i + m j ) 2 , the radicand is never negative.
In terms of cross sections, this is equivalent to the definition
Eq. (57) then reads
This can be written in a form more suitable for numerical integration by using p eff instead of s as integration variable. From Eq. (59), we have ds = 8p eff dp eff , and
So we have succeeded in rewriting A as a 1-dimensional integral.
From Eqs. (63) and (41), the thermal average of the effective cross section results This expression is very similar to the case without coannihilations, the differences being the denominator and the replacement of the annihilation rate with the effective annihilation rate. In the absence of coannihilations, this expression correctly reduces to the formula in Gondolo and Gelmini [10] .
The definition of an effective annihilation rate independent of temperature is a remarkable calculational advantage. As in the case without coannihilations, the effective annihilation rate can in fact be tabulated in advance, before taking the thermal average and solving the Boltzmann equation.
In the effective annihilation rate, coannihilations appear as thresholds at √ s equal to the sum of the masses of the coannihilating particles. We show an example in Fig. 1 where it is clearly seen that the coannihilation thresholds appear in the effective invariant rate just as final state thresholds do. For the same example, Fig. 2 shows the differential annihilation rate per unit volume dA/dp eff , the integrand in Eq. (63), as a function of p eff . We have chosen a temperature T = m χ /20, a typical freeze-out temperature. The Boltzmann suppression contained in the exponential decay of K 1 at high p eff is clearly visible. At higher temperatures the peak shifts to the right and at lower temperatures to the left. For the particular model shown in Figs. 1-2 , the relic density results Ω χ h 2 = 0.030 when coannihilations are included and Ω χ h 2 = 0.18 when they are not. Coannihilations have lowered Ω χ h 2 by a factor of 6.
We end this section with a comment on the internal degrees of freedom g i . A neutralino is a Majorana fermion and has two internal degrees of freedom, g χ 0 i = 2. A chargino can be treated either as two separate species χ = 4 internal degrees of freedom. The effective annihilation rates involving charginos read Figure 2: Total differential annihilation rate per unit volume dA/dp eff for the same model as in Fig. 1 , evaluated at a temperature T = m χ /20, typical of freeze-out. Notice the Boltzmann suppression at high p eff .
Reformulation of the Boltzmann equation
We now follow Gondolo and Gelmini [10] to put Eq. (38) in a more convenient form by considering the ratio of the number density to the entropy density,
Consider
where dot means time derivative. In absence of entropy production, S = R 3 s is constant (R is the scale factor). Differentiating with respect to time we see thaṫ
which yieldṡ
Hence we can rewrite Eq. (38) aṡ
The right-hand side depends only on temperature, and it is therefore convenient to use temperature T instead of time t as independent variable. Defining x = m 1 /T we have
where we have used
which follows from Eq. (69). With the Friedmann equation in a radiation dominated universe
where G is the gravitational constant, and the usual parameterization of the energy and entropy densities in terms of the effective degrees of freedom g eff and h eff ,
we can cast Eq. (72) into the form [10] 
where Y eq can be written as
using Eqs. (41), (67) and (75).
The parameter g 1/2 * is defined as
For g eff , h eff and g 1/2 * we use the values in Ref. [10] with a QCD phase-transition temperature T QCD = 150 MeV. Our results are insensitive to the value of T QCD , because due to a lower limit on the neutralino mass the neutralino freeze-out temperature is always much larger than T QCD .
To obtain the relic density we integrate Eq. (76) from x = 0 to x 0 = m χ /T 0 where T 0 is the photon temperature of the Universe today. The relic density today in units of the critical density is then given by
where ρ crit = 3H 2 /8πG is the critical density, s 0 is the entropy density today and Y 0 is the result of the integration of Eq. (76). With a background radiation temperature of T 0 = 2.726 K we finally obtain
Initial state Final state
Feynman diagrams Table 1 : All Feynman diagrams for which we calculate the annihilation cross section. s(x), t(x) and u(x) denote a tree-level Feynman diagram in which particle x is exchanged in the s-, t-and u-channel respectively. Indices i, j, k run from 1 to 4, and indices c, d, e from 1 to 2. u,ũ, d,d, ν,ν, ℓ,l, f andf are generic notations for up-type quarks, up-type squarks, down-type quarks, down-type squarks, neutrinos, sneutrinos, leptons, sleptons, fermions and sfermions. A sum of diagrams over (s)fermion generation indices and over the neutralino and chargino indices k and e is understood (no sum over indices i, j, c, d).
Annihilation cross sections
We have calculated all two-body final state cross sections at tree level for neutralino-neutralino, neutralino-chargino and chargino-chargino annihilation. A complete list is given in Table 1.
Since we have so many different diagrams contributing, we have to use some method where the diagrams can be calculated efficiently. To achieve this, we classify diagrams according to their topology (s-, t-or u-channel) and to the spin of the particles involved. We then compute the helicity amplitudes for each type of diagram analytically with Reduce [17] using general expressions for the vertex couplings. Further details will be found in Ref. [18] .
The strength of the helicity amplitude method is that the analytical calculation of a given type of diagram has to be performed only once and the sum of the contributing diagrams for each set of initial and final states can be done numerically afterwards.
Numerical methods
In this section we describe the numerical methods we use to evaluate the effective invariant rate and its thermal average, and to integrate the density evolution equation.
We obtain the effective invariant rate numerically as follows. We generate Fortran routines for the helicity amplitudes of all types of diagrams automatically with Reduce, as explained in the previous section. We sum the Feynman diagrams numerically for each annihilation channel ij → kl. We then sum the squares of the helicity amplitudes so obtained, and sum the contributions of all annihilation channels. Explicitly, we compute
where θ is the angle between particles k and i. (We set g 1 = 2 as appropriate for a neutralino.)
We integrate over cos θ numerically by means of adaptive gaussian integration. In rare cases, we find resonances in the t-or u-channels. For the process ij → kl, this can occur when m i < m k and m j > m l or m i < m l and m j > m k : at certain values of cos θ, the momentum transfer is time-like and matches the mass of the exchanged particle. We have regulated the divergence by assigning a small width of a few GeV to the neutralinos and charginos. Our results are not sensitive to the choice of this width. (65)). The fast exponential decay of K 1 at high p eff Boltzmann suppresses resonances and thresholds, as we have already seen in the example in Fig. 2 . With a typical freeze-out temperature T = m χ /20, contributions to the thermal average from values of p eff beyond ∼ 1.5m χ are negligible, even in the most extreme case we met in which the effective invariant rate at high p eff was 10 10 times higher than at p eff = 0. For coannihilations, this value of p eff corresponds to a mass of the coannihilating particle of ∼ 1.8m χ . To be on the safe side all over parameter space, we include coannihilations whenever the mass of the coannihilating particle is less than 2.1m χ , even if typically coannihilations are important only for masses less than 1.4m χ . For extra safety, we tabulate W eff from p eff = 0 up to p eff = 20m χ , Table 2 : The ranges of parameter values in our scans of supersymmetric models. For µ and M 2 the scans are uniform in the logarithms of the parameters and for the rest they are uniform in the parameters themselves. The number of models refers to the number of generated models satisfying experimental constraints.
more densely in the important low p eff region than elsewhere. We further add several points around resonances and thresholds, both explicitly and in an adaptive manner.
To perform the thermal average in Eq. (65), we integrate over p eff by means of adaptive gaussian integration, using a spline to interpolate in the (p eff , W eff ) table. To avoid numerical problems in the integration routine or in the spline routine, we split the integration interval at each sharp threshold. We also explicitly check for each MSSM model that the spline routine behaves well at thresholds and resonances.
We finally integrate the density evolution equation (76) numerically from x = 2, where the density still tracks the equilibrium density, to x 0 = m χ /T 0 . We use an implicit trapezoidal method with adaptive stepsize. The method is implicit because of the stiffness of the evolution equation. The relic density at present is then evaluated with Eq. (80).
A more detailed description of the numerical methods will be found in a future publication [19] .
Selection of models
In Section 2 we made some simplifying assumptions to reduce the number of parameters in the MSSM to the seven parameters µ, M 2 , tan β, m A , m 0 , A b and A t . It is however a non-trivial task to scan even this reduced parameter space to a high degree of completeness.
With the goal to explore a significant fraction of parameter space, we perform many different scans, some general and some specialized to interesting parts of parameter space. The ranges of parameter values in our scans are given in Table 2 .
We perform a 'normal' scan where we let the seven free parameters above vary at random within wide ranges, a 'generous' scan with even more generous bounds on the parameters, a 'light Higgs' scan where we restrict to low pseudoscalar Higgs masses, and two 'high mass' scans where we explore heavy neutralinos. In addition we perform two other special scans: one to finely sample the cosmologically interesting light higgsino region, the other to study heavy mixed and gaugino-like neutralinos for which we found that coannihilations are important.
Remember, though, that the look of our figures might change if different scans were used. One should especially pay no attention to the density of points in different regions: it is just an artifact of our scanning.
We keep only models that satisfy the experimental constraints on squark, slepton, gluino, chargino, neutralino, and Higgs boson masses, on the Z 0 width and on the b → sγ branching ratio [16, 20, 21] . The last row in Table 2 gives the number of models which pass all experimental constraints. We include the most recent LEP2 constraints [20] of which the most important one is
This bound effectively excludes most of the higgsinos lighter than the W studied in Refs. [7, 9] . LEP2 also puts a new constraint on the lightest Higgs boson mass,
valid for all α and β. This constraint could be made more stringent if allowed to depend on sin 2 (β − α), but we do not include this more refined version because in this study we are not very sensitive to this constraint.
Results
We now present the results of our relic density calculations for all the models in Table 2 . This is the first detailed evaluation of the neutralino relic density including neutralino and chargino coannihilations for general neutralino masses and compositions. So we focus on the effect of coannihilations. Fundamentally, we are interested in how the inclusion of coannihilations modifies the cosmologically interesting region and the cosmological bounds on the neutralino mass. We define the cosmologically interesting region as 0.025 < Ω χ h 2 < 1. In this range of Ω χ h 2 the neutralino can constitute most of the dark matter in galaxies and the age of the Universe is long enough to be compatible with observations. The lower bound of 0.025 is somewhat arbitrary, and even if Ω χ h 2 would be less than 0.025 the neutralinos would still be relic particles, but only a minor fraction of the dark matter in the Universe.
We start with a short general discussion and then present more details in the following subsections. Fig. 3 shows the neutralino relic density Ω χ h 2 with coannihilations included versus the neutralino mass m χ and the neutralino composition Z g /(1 − Z g ). The lower edge on neutralino masses comes essentially from the LEP bound on the chargino mass, Eq. (82). The few scattered points at the smallest masses have low tan β. The bands and holes in the point distributions, and the lower edge in Z g /(1 − Z g ), are mere artifacts of our sampling in parameter space.
The neutralino is a good dark matter candidate in the region limited by the two horizontal lines (the cosmologically interesting region). There are clearly models with cosmologically interesting relic densities for a wide range of neutralino masses (up to 7 TeV) and compositions (up to 10 −4 in higgsino fraction Z h = 1 − Z g ). A plot of the cosmologically interesting region in the neutralino mass-composition plane is in subsection 7.5.
The effect of neutralino and chargino coannihilations on the value of the relic density is summarized in Fig. 4 , where we plot the ratio of the neutralino relic densities with and without coannihilations versus the neutralino mass m χ and the neutralino composition Z g /(1 − Z g ). In many models, coannihilations reduce the relic density by more than a factor of ten, and in some others they increase it by a small factor. Coannihilations increase the relic density if the effective annihilation cross section σ eff v < σ 11 v 11 . Recalling that σ eff v is the average of the coannihilation cross sections (see Eq. (40)), this occurs when most of the coannihilation cross sections are smaller than σ 11 v 11 and the mass differences are small. Table 3 : Some representative models for which coannihilations are important (examples [1] [2] [3] [4] [5] and one model (example 6) for which they are not. We give the seven model parameters, the masses of the lightest neutralinos and of the lightest chargino, the gaugino fraction of the lightest neutralino and the relic densities with and without coannihilations.
for each case described in the following subsections, plus one model where coannihilations are negligible. Example 1 contains a light higgsino-like neutralino, example 2 a heavy higgsinolike neutralino. Examples 3 and 4 have |µ| ∼ |M 1 |, and example 5 has a very pure gaugino-like neutralino. Example 6 is a model with a gaugino-like neutralino for which coannihilations are not important.
We have looked for a simple general criterion for when coannihilations should be included, one that goes beyond the trivial statement of an almost degeneracy in mass between the lightest neutralino and other supersymmetric particles. We have only found few rules of thumb, each with important exceptions. We give here the best two.
The first rule of thumb is that when coannihilations are important, |µ/M 1 | ∼ < 2. But exceptions are found, as can be seen in Fig. 5 , where we show the reduction in relic density due to the inclusion of coannihilations as a function of |µ/M 1 |. Notice that when |µ/M 1 | ≪ 1, the neutralino is higgsino-like; when |µ/M 1 | ≫ 1, the neutralino is gaugino-like; and when |µ/M 1 | ∼ 1, the neutralino can be higgsino-like, gaugino-like or mixed.
The second rule of thumb is that coannihilations are important when Z g < 0.23 for m χ < 200 GeV and when
GeV. There are exceptions to this rule, as can be seen in Fig. 6 where the ratio of relic densities with and without coannihilations is plotted versus the neutralino mass, the left panel for points satisfying the present criterion, the right panel for those not satisfying it.
In the following subsections, we present the cases where we found that coannihilations are important and explain why. We first discuss the already known case of light higgsino-like neutralinos, continue with heavier higgsino-like neutralinos, the case |µ| ∼ |M 1 | and finally very pure gaugino-like neutralinos. We then end this section by a discussion of the cosmologically interesting region. 
Light higgsino-like neutralinos
We first discuss light higgsino-like neutralinos, m χ < m W , Z g < 0.01, since coannihilation processes for these have been investigated earlier by other authors [7, 8, 9] .
Mizuta and Yamaguchi [7] stressed the great importance of including coannihilations for higgsinos lighter than the W boson. For these light higgsinos, neutralino-neutralino annihilation into fermions is strongly suppressed whereas chargino-neutralino and chargino-chargino annihilations into fermions are not. Since the masses of the lightest neutralino and the lightest chargino are of the same order, the relic density is greatly reduced when coannihilations are included. Mizuta and Yamaguchi claim that because of this reduction light higgsinos are cosmologically of no interest.
Drees and Nojiri [8] included coannihilations between the lightest and next-to-lightest neutralino, but overlooked those between the lightest neutralino and chargino, which are always more important. In spite of this, they concluded that the relic density of a higgsino-like neutralino will always be uninterestingly small unless m χ > 500 GeV or so.
Drees at al. [9] then re-investigated the relic density of light higgsino-like neutralinos. They found that light higgsinos could have relic densities as high as 0.2, and so be cosmologically interesting, provided one-loop corrections to the neutralino masses are included.
We agree with these papers qualitatively, but we reach different conclusions. We show our results in Fig. 7 , where we plot the relic density of higgsino-like neutralinos versus their mass with coannihilations included, as well as the ratio between the relic densities with and without coannihilations. The Mizuta and Yamaguchi reduction can be seen in Fig. 7b below 100 GeV, but due to the recent LEP2 bound on the chargino mass the effect is not as dramatic as it was for them. If for the sake of comparison we relax the LEP2 bound, the reduction continues down to 10 −5 at lower higgsino masses and we confirm qualitatively the Mizuta and Yamaguchi conclusion -coannihilations are very important for light higgsinos -but we differ from them quantitatively since we find models in which light higgsinos have a cosmologically interesting relic density. For the specific light higgsino models in Drees et al. [9] we agree on the relic density to within 20-30%. We find however other light higgsinolike models with higher Ω χ h 2 ∼ 0.3, even without including the loop corrections to the neutralino masses.
So there is a window of light higgsino models, m χ ∼ 75 GeV, that are cosmologically interesting. All these models have tan β ∼ < 1.6 and those with the highest relic densities have tan β ∼ 1.2. These models escape the LEP2 bound on the chargino mass, m χ + ∼ 85 GeV, because for tan β ∼ < 2 the mass of the lightest neutralino can be lower than the mass of the lightest chargino by tens of GeV. By the same token, coannihilation processes are not so important and the relic density in these models remains cosmologically interesting. Most of these models will be probed in the near future when LEP2 runs at higher energies, but some have too large a chargino mass (m + χ > 95 GeV) and too large an H 
Heavy higgsino-like neutralinos
Coannihilations for higgsino-like neutralinos heavier than the W boson have been mentioned by Drees and Nojiri [8] , who argued that they should not change the relic density by much, and by McDonald, Olive and Srednicki [6] , who warn that they might change it by an estimated factor of 2. We are the first to present a quantitative evaluation in this case. We typically find a decrease by factors of 2-5, and in some models even by a factor of 10 (see the right hand part of Fig. 7b ).
For m χ > m W , the lightest and next-to-lightest neutralinos and the lightest chargino are close in mass, and they annihilate into W -bosons besides fermion pairs. While the annihilation and coannihilation cross sections into W -pairs are comparable, the coannihilation of χ As a result, the smallest and highest masses for which higgsino-like neutralinos heavier than the W boson are good dark matter candidates shift up from 300 to 450 GeV and from 3 to 7 TeV respectively.
Together with the result in the previous subsection, we conclude that higgsino-like neutralinos (Z g < 0.01) can be good dark matter candidates for masses in the ranges 60-85 GeV and 450-7000 GeV. a factor of 3. This is easily seen in Fig. 5 as the vertical strip at |µ/M 1 | ∼ 1. In Fig. 8 the relic density including coannihilations and the ratio of the relic density with to that without coannihilations are shown versus the neutralino mass for models with 0.8 < |µ/M 1 | < 1.2.
We recall that in models with |µ| ∼ |M 1 the lightest neutralino can be higgsino-like, mixed or gaugino-like. If the lightest neutralino is mixed (Z g ∼ 0.5), coannihilations can increase the relic density, whereas if it is more higgsino-like or gaugino-like they will decrease it. This because the annihilation cross section for mixed neutralinos is generally higher than those for higgsino-like or gaugino-like neutralinos.
The largest decrease we see for this kind of models is when |M 1 | is slightly less than |µ| and both are in the TeV region. In this case, the lightest neutralino is a very pure bino, and its annihilation cross section is very suppressed since it couples neither to the Z nor to the W boson. The chargino and other neutralinos close in mass have much higher annihilation cross sections, and thus coannihilations between them greatly reduce the relic density. This big reduction suffices to lower Ω χ h 2 to cosmologically acceptable levels if Z g < 0.96. This reduction does not occur for masses much lower than a TeV, because the terms in the neutralino mass matrix proportional to the W mass prevent such pure bino states and such severe mass degeneracy.
To conclude, when |µ| ∼ |M 1 |, coannihilations are very important no matter if the neutralino is higgsino-like, mixed or gaugino-like. The relic density can be cosmologically interesting for these models as long as the gaugino fraction Z g < 0.96: these neutralinos are good dark matter candidates.
7.4 Gaugino-like neutralinos with |µ| ≫ |M 1 | When |µ| ≫ |M 1 |, the lightest neutralino is a very pure gaugino. According to the GUT relation Eq. (3), the supersymmetric particles next in mass, the next-to-lightest neutralino and the lightest chargino, are twice as heavy. So we expect that coannihilations between them are of no importance. § In fact, as discussed in section 5, coannihilations would need to increase the effective cross section by several orders of magnitude for these large mass differences.
This actually happens in some cases, the small spread at |µ/M 1 | ≃ 130 in Fig. 5 . In these models, the lightest neutralino is a very pure bino (Z g > 0.999) and the squarks are heavy. Its annihilation to fermions is suppressed by the heavy squark mass, and its annihilation to Z and W bosons is either kinematically forbidden or extremely suppressed because a pure bino does not couple to Z and W bosons. On the other side, the lightest chargino is a very pure wino, which annihilates to gauge bosons and fermions very efficiently. The huge increase in the effective cross section, compensated by the large mass difference, reduces the relic density by 10-20%. However, the relic density before introducing coannihilations was of the order of 10 3 -10 4 , and this small reduction is not enough to render these special cases cosmologically interesting.
Cosmologically interesting region
We now summarize when the neutralino is a good dark matter candidate. Fig. 9 shows the cosmologically interesting region 0.025 < Ω χ h 2 < 1 in the neutralino mass-composition plane Z g /(1 − Z g ) versus m χ .
The light higgsino-like region does not extend to the left and down because of the LEP2 bound on the chargino mass. The lower edge in gaugino fraction at Z g ∼ 10 −5 is the border of our survey (how high |M 2 | is allowed to be). The upper limit on Z g and the upper limit on the neutralino mass come from the requirement Ω χ h 2 < 1. The hole for higgsino-like neutralinos with masses 85-450 GeV comes from the requirement Ω χ h 2 > 0.025.
We see that coannihilations change the cosmologically interesting region in the following aspects: the region of light higgsino-like neutralinos is slightly reduced and the big region of heavier higgsinos is shifted to higher masses, the lower boundary shifting from 300 GeV to § In models with non-universal gaugino masses, the lightest gaugino-like neutralino can be almost degenerate with the lightest chargino, and coannihilations can be important, as examined e.g. in Ref. [22] .
450 GeV and the upper boundary from 3 TeV to 7 TeV.
The fuzzy edge at the highest masses is due to models in which the squarks are close in mass to the lightest neutralino, in which case t-and u-channel squark exchange enhances the annihilation cross section. In these rather accidental cases, coannihilations with squarks are expected to be important and enhance the effective cross section even further. Thus, the upper bound of 7 TeV on the neutralino mass may be an underestimate.
Conclusions
We have performed a detailed evaluation of the relic density of the lightest neutralino, including for the first time all two-body coannihilation processes between neutralinos and charginos for general neutralino masses and compositions.
We have generalized the relativistic formalism of Gondolo and Gelmini [10] to properly treat (sub)threshold and resonant annihilations also in presence of coannihilations. We have found that coannihilations can formally be considered as thresholds in a suitably defined Lorentzinvariant effective annihilation rate.
Our results confirm qualitatively the conclusion of Mizuta and Yamaguchi [7] : the inclusion of coannihilations when m χ < m W is very important when the neutralino is higgsino-like. In contrast to their calculation we do however find a window of cosmologically interesting higgsino-like neutralinos where the masses are m χ ∼ 75 GeV and tan β ∼ < 1.6. This is due primarily to a milder mass degeneracy at low tan β, and secondarily to the one-loop corrections to the neutralino masses pointed out in Ref. [9] .
We also find that coannihilations are important for heavy higgsino-like neutralinos, m χ > m W , for which the relic density can decrease by typically a factor of 2-5, but sometimes even by a factor of 10. Higgsino-like neutralinos with m χ > 450 GeV can have Ω χ h 2 > 0.025 and hence make up at least a major part of the dark matter in galaxies.
When |µ| ∼ |M 1 |, coannihilations will always be important: they can decrease the relic density by up to a factor of 100 or even increase it by up to a factor of 3. In these models, the neutralino is either higgsino-like, mixed or gaugino-like, and when the gaugino fraction Z g < 0.96, the relic density can be cosmologically interesting.
Coannihilations between neutralinos and charginos increase the cosmological upper limit on the neutralino mass from 3 to 7 TeV. Coannihilations with squarks might increase it further.
Coannihilation processes must be included for a correct evaluation of the neutralino relic density when |µ| ≫ |M 1 | and when |µ| ∼ < 2|M 1 |. In the first case, the neutralino is a very pure gaugino and its relic density overcloses the Universe. In the second case, the neutralino is either higgsino-like, mixed or gaugino-like, and for each of these types there are many models where it is a good dark matter candidate. To establish this, the inclusion of coannihilations has been essential.
